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Abstract 



Modern formulations of equivalence principles provide the foundation for an efficient approach 
to understanding and organizing the structural features of gravitation field theories. Since the- 
ories' predictions reflect differences in their structures, principles of equivalence also support an 
efficient experimental strategy for testing gravitation theories and for exploring the range of con- 
ceivable gravitation physics. These principles focus attention squarely on empirical consequences 
of the fundamental structural differences that distinguish one gravitation theory from another. 
Interestingly, the variety of such consequences makes it possible to design and perform experi- 
. ments that test equivalence principles stringently but do so in markedly different ways than the 

' most familiar experimental tests. 



1 Equivalence Principles and the Structure of Gravitation Theo- 

O" 1 

i . ries 

5-1 . 

1.1 From the weak to Einstein's Equivalence principle 

Since the time of the Renaissance observations indicating that bodies fall in a gravitational field in a 
t-, ' way that is independent of their internal composition and structure have been considered remarkable. 
Clearly Newton thought so since he deemed it necessary to perform pendulum experiments to verify 
this property of freefall as precisely as he could before he published laws of motion and universal 
gravitation that predict it jj]]. Einstein also found this property of freefall remarkable. The insight 
he gained by reflecting on it in his famous elevator Gedanken experiment |Q] is communicated by 
what we now call the Einstein equivalence principle (EEP). 

Einstein noted that if all bodies fall in the same way in an external gravitational field, an observer 
in freefall will find that freely falling bodies in his or her neighborhood move with uniform velocities 
relative to him or her and that the physics of pure particle mechanics in that neighborhood is 
indistinguishable from mechanics in the absence of gravity. This led him to suggest that a freely 
falling observer might find all other nongravitational physics in his or her neighborhood to be 
indistinguishable from such physics in the absence of gravity. Einstein then proceeded to show that 
if this were true for electrodynamic physics, which was all fundamental physics at the time, light 
propagating out of a gravitational potential well must suffer a redshift. 

The following modern formulation of the EEP expresses the possibility suggested by Einstein in 
1907. It states that the outcome of any local, nongravitational test experiment is independent of 
the experimental apparatus' velocity relative to the gravitational field and is independent of where 
and when in the gravitational field the experiment is performed. This captures Einstein's suggestion 

'Appeared in C. Lammerzahl, C.W.F. Everitt, F.W. Hehl (eds.): Gyrod, Clocks, Interferometers...: Testing Rela- 
tivistic Gravity in Space, Springer- Velag 2001 



because, in principle, local nongravitational test experiments can be performed in spacetime regions 
where gravity is negligible. The two conditions that the EEP imposes are referred to as local Lorentz 
and local position invariance, respectively. Note that a local experiment is one performed within 
a spacetime region so small that the experimental apparatus can detect no tidal effects. A test 
experiment is one performed with an apparatus having a mass so small that the apparatus can 
detect no effect of the perturbation it induces in the gravitational field. 

From the perspective of 1907, the EEP is a striking generalization from the observed equality of 
test body accelerations in a gravitational field, and, as a matter of history, the gravitational redshift 
was the first physical consequence to be derived on the assumption that this generalization is valid. 
Given this history, it is not surprising that refinements of experimental tests of the universality 
of freefall acceleration and of measurements of the gravitational redshift remain among the most 
widely recognized tests of the validity of the EEP. Efforts to refine both kinds of test continue today. 
Readers can refer to Lute Maleki's article || in this volume for details on a proposed space-based 
variation on gravitational redshift measurements. 

Tests of the universality of free fall acceleration are often referred to as Eotvos experiments 
because of the classic torsion-balance version performed by Baron von Eotvos and collaborators 
early in this century Q. As noted above, the process of refining such tests continues today. For 
example, the group of Adelberger at the University of Washington || recently reported results of 
a torsion-balance experiment that include the conclusion that the gravitational accelerations of 
beryllium and copper test bodies toward the Earth are equal to better than 2.5 parts in 10 12 . The 
ultimate refinement of tests of the equality of such accelerations may well be represented by the 
space-based STEP experiment under development at Stanford University. Readers can refer to an 
article in this volume for details on STEP ||. 

Interest in such experiments remains high because our understanding of their significance as tests 
of the EEP has evolved significantly since 1907. The clear distinction Einstein made at that time 
between particle mechanics and other nongravitational physics, specifically electromagnetic physics, 
is no longer viable. We now understand how test bodies are composed of atoms and that they, in 
turn, are composites of the mass-energy of nucleons and electrons and of the electromagnetic, weak- 
and strong-interaction binding energies of these particles. Consequently, the freefall acceleration of 
test bodies can be influenced by many, if not all, aspects of nongravitational physics in an external 
gravitational field, and experiments which test the universality of such accelerations turn out to be 
more profound tests of the EEP than one could have realized in 1907. We will return to this point 
later in section 2.1. 

Set aside, for a moment, the issue of whether or not the EEP is valid and questions regarding 
the precision to which we may be able to establish experimentally that it is valid. Is it possible to 
formulate a gravitation field theory which predicts that it is valid? It took Einstein almost ten years 
from the time of his 1907 insight to establish that the answer to this question is yes. He did so by 
formulating general relativity |?J . Interested readers can refer to the recent review by Norton ||] for 
a discussion of the fascinating and in many ways still controversial history of Einstein's development 
of general relativity and of others' early attempts to understand the theory. This story is plagued by 
many formulations of the equivalence principle, confusion regarding the significance of coordinates 
and covariance and so on. We will not delve further into it here. Instead, we discuss the kind of 
analysis one must do to determine whether or not any given gravitation field theory predicts the 
validity of the EEP. 



1.2 Theoretical contexts for analyses of the EEP 

If an analysis reveals outcomes of some local nongravitational test experiment that depend on the 
velocity of the experimental apparatus relative to an external gravitational field or on where or 
when in that field the experiment is performed, it is clear that the underlying theory is nonmetric, 
that is, it violates the EEP. Significantly, such an analytical result also provides the basis for actual 
experiments that search for the specific preferred-frame or preferred-location effect revealed by the 



analysis. This approach has led to the development of many stringent new tests of the EEP that are 
quite different from familiar Eotvos experiments and gravitational redshift measurements. It has 
also clarified which structural features of gravitation field theories are constrained by experimental 
evidence that the EEP is valid to some level of precision. 

Lagrangian field theory provides a natural setting for a general discussion of gravitation field 
theories. However, we note that much of what follows can be discussed in terms of gravitation 
field equations and matter-field equations of motion. Indeed, a number of recent papers exploit 
this latter approach to consider modifications of the Maxwell equations caused by quantum gravity 
effects. Papers by Gambini and Pullin M and by Ellis et al. Jul] are examples. The paper of Haugan 



and Lammerzahl II] begins the analysis of physical consequences of a broad range of conceivable 
Maxwell equation modifications of this kind and the consideration of experiments that could detect 
them or constrain their magnitudes. 

Returning to Lagrangian-based gravitation theories, we recall that each admits a formulation 
via an action principle, 

5 J £(^,Vm) d 4 x = 0. (1) 

Here, ip g denotes dependence of the Lagrangian density on gravitational potentials and their deriva- 
tives, and ip m denotes dependence on matter fields and their derivatives. Not that long ago, one 
would have restricted attention to theories in which field derivatives appear only in conventional 
"kinetic" terms in C, but attitudes have changed so that field theories tend to be viewed as effective 
rather than fundamental theories. Consequently, there is now a greater willingness to consider de- 
pendence on higher-order derivatives and the presence of derivative couplings between fields. Such 
things can make theories nonrenormalizable, but this is not the issue for effective theories that it is 
for fundamental ones. 

A theory's Lagrangian density C can be split into a purely gravitational part and "nongravita- 
tional" remainder, C = C g + C ng . The gravitational part C g depends only on gravitational potentials 
and their derivatives. Its form specifies the dynamics of free gravitational fields in the theory. The 
nongravitational part C ng depends on gravitational potentials and their derivatives and on matter 
fields and their derivatives. Its form specifies the coupling between matter and gravity in the theory. 
Its form determines both how matter responds to gravity and how matter acts as a source of gravity. 



1.3 The role of locality 

The matter fields involved in a local, nongravitational test experiment do not perturb gravitational 
potentials to a degree that the experiment can detect. It follows that when using a theory to predict 
the outcome of such an experiment we can treat gravitational potentials as specified functions which 
represent the gravitational environment generated by some source. They are external potentials. To 
predict the outcome of the experiment one needs only a theory's equations which govern the evolution 
of matter fields in the relevant gravitational environment. We derive these gravitationally-modified 
equations of motion from the theory's action principle (1) by considering variations of the matter 
fields while keeping the external gravitational potential functions fixed in the appropriate form. 
Consequently, the outcomes of experiments that directly test the EEP depend on the form of a 
theory's nongravitational Lagrangian density C ng alone. Clearly, evidence that the EEP is valid to 
some precision can constrain only the manner in which matter couples to gravity. 

Since experiments that directly test the EEP are local as well as test experiments, their outcomes 
are insensitive to the global form of external gravitational potentials. It is sufficient to consider initial 
terms of the Taylor-series expansions of external potentials when using a theory's action principle 
to predict a local experiment's outcome. The expansions should be made about an event inside the 
experimental apparatus during the course of the experiment. Keeping terms through first order is 
sufficient to predict the outcome of any local experiment. However, in some important cases it is 
sufficient to keep only zeroth-order terms. In particular, this can be the case when an experiment is 



completed quickly enough that the experimental apparatus can detect no effect of external potential 
time dependence and no effect of accelerations induced by external potential spatial dependence. 
This is generally true of realistic local experiments which measure atomic transition frequencies, for 
example, and explains why atomic clocks may generally be treated as realizations of ideal clocks in 
the sense defined by theories of relativity. 

To make the remainder of this discussion a bit more concrete focus on experiments involving 
such atomic transitions. To this point, we have established that a theory's predictions of their 
outcomes follows from the form that its nongravitational Lagrangian density C ng takes when values 
of the external gravitational potentials and, if there are derivative matter-gravity couplings, values 
of their derivatives at an event inside the experimental apparatus during the experiment are plugged 
in. The resulting Lagrangian density has no explicit dependence on the spacetime coordinates and 
involves only matter fields. It determines the gravitationally-modified equations of motion which 
govern the structure of atoms treated as local test bodies. Note, however, that if we are interested 
only in atomic transition frequencies, we need not deal with these equations. We can, instead, 
compute energies of atomic states directly. 

1.4 Relevant observables 

An expression for such energies follows from the form of the Lagrangian density introduced in the 
preceding paragraph because it is time independent. If natural coordinates are used in representing 
a theory's action principle (1), the energy expression's form will be that of the Standard Model 
Hamiltonian plus perturbating terms. In this context, natural coordinates are ones in which the form 
of the representation of the theory's nongravitational Lagrangian density C ng reduces to the familiar 
representation of the Standard Model Lagrangian density as gravity is "turned off." Schwarzschild 
coordinates provide a familiar example of natural coordinates in the context of general relativity 
and situations in the external gravitational potential is static and spherically symmetric. 

Accurate estimates of the energies of atomic states are easily computed when the gravitationally- 
modified Hamiltonian is a perturbed Standard Model Hamiltonian. In general, the results depend 
on an atom's velocity through and location in the external gravitational potentials. This is the 
case because the perturbing Hamiltonian terms reflect not only the form of the gravitation the- 
ory's nongravitational Lagrangian density C ng but also the atom's gravitational environment. This 
environment is represented by the values in the atom's neighborhood of the external gravitational 
potentials and, if there are derivative matter-gravity couplings, the values of their derivatives. 

Despite their velocity and location dependence these computed atomic state energies may not rep- 
resent preferred-frame or preferred-location effects that signal violation of the Einstein equivalence 
principle. Even when we are using natural coordinates they are merely coordinate energies. Only 
velocity or location dependence of an experimentally measured atomic state energy, or frequency of 
a transition between such states, would constitute a genuine preferred-frame or preferred-location 
effect. 

The distinction between coordinate energies or frequencies and measured energies or frequencies 
is, in some respects, subtle. However, it is not difficult to appreciate if one remembers that, fun- 
damentally, any measurement is simply the comparison of a property of some system of interest to 
the corresponding property of a chosen standard system. Thus, a measurement of the frequency of 
a transition between some pair of atomic states is simply a comparison of its coordinate frequency 
to the coordinate frequency of a selected standard transition. For example, one can imagine locking 
a laser to the transition whose frequency is to be measured and a second laser to the frequency of 
the standard transition. The coordinate frequency of each laser can depend on velocity through or 
location in the external gravitational potential, but the relative or beat frequency between them, 
which is the measured frequency, may not. While it may seem far-fetched to imagine cases in 
which coordinate energies of all atomic states depend on velocity through or location in external 
gravitational potentials in precisely the same way, thus, causing such dependence to cancel from 
measured energies, this is precisely what metric theories of gravity like general relativity predict. 



The preferred-frame or preferred-location effects predicted by nonmetric theories of gravity occur 
because their matter-gravity couplings distinguish between the contributions of rest-mass and of 
different types of interaction-energy to the energies of atomic states and, so, prevent such universal 
cancellations of coordinate effects. If such couplings are present, the observable frequency ratio for 
a pair of atomic clocks whose ticking rates are governed by different atomic transition and which 
move together through an external gravitational potential can depend on the clocks' location in and 
velocity through the potential. In the limit of slow motion and weak gravitation this frequency ratio 
takes the form 

^§ = 4 I 1 + + Pii&'W) , (2) 

u 2 {x, V ) v% 

where the x % denote natural spatial coordinates that reduce to Cartesian ones as gravity is turned 
off, the v l denote corresponding components of the clocks' coordinate velocity and U %3 {x) denotes 
the usual Newtonian gravitational potential tensor at the clocks' location. The parameters ctij 
and Pij depend on the particular transitions controlling the atomic clock rates, except in metric 
theories of gravity which predict that they all vanish. Their tensor character reflects the fact 
that the orientation of the atoms whose transitions govern the atomic clock rates can affect the 
observed frequency ratio (2). Nonvanishing a™ and 0ij parameters characterize preferred-frame 
and preferred-location effects, respectively. 

To conclude this discussion of the way in which Lagrangian-based gravitation theories predict 
outcomes of local, nongravitational test experiments, briefly consider the acceleration of test bodies 
in an external gravitational field once more. We focus on the freefall of atoms since, as we noted 
earlier, realistic test bodies are simply assemblages of them. 

The analysis of atomic systems outlined above yields an expression for the coordinate energy of 
any atom in any state of interest. This energy is a function of the atom's velocity relative to and 
location in an external gravitational potential 

E = mc 2 + -m ( 5ij + «V + m( Su + TT* (x) , (3) 

2 \ m J \ m J 

where Smuj and 5m g ij are the anomalous inertial and gravitational mass tensors. They depend on 
the particular state of the particular atom under consideration, except in metric theories of gravity 
which predict that they vanish. The a™ and (5ij parameters appearing in @ are determined by the 
anomalous mass tensors of the states involved in the atomic clock transitions considered above. 

When the external gravitational potential is time independent, the coordinate energy function 
(||) is globally conserved and its dependence on atomic velocity and location determines the atom's 
coordinate acceleration via familiar energy conservation arguments, 

a > =09jU A jU + ^L djU ^ (4) 

m m 



(here 5m? = 5muj). Kenneth Nordtvedt p2| and Mark Haugan [T^] exploit such arguments to 
relate the outcomes Eotvos experiments to the outcomes of gravitational redshift measurements and 
other tests of the EEP. 

In the end, the preceding overview of the kind of analysis one must do to determine the outcomes 
of local nongravitational test experiments predicted by Lagrangian-based gravitation field theories 
brings one full circle. We have come back to the most familiar experimental tests of the EEP, 
but with a deeper appreciation of the significance of their results. In the next section we consider 
examples of nonmetric theories and formalisms encompassing whole classes of such theories within 
which preferred-frame and preferred-location effects have been analyzed to provide a basis for 
testing the EEP. Much of the work on tests of the EEP done before 1993 is thoroughly reviewed 
in the early chapters of Clifford Will's Theory and Experiment in Gravitation Physics [14], for an 



update see [ 15| , see also Jl 



2 Theoretical frameworks for the analysis of EEP tests 



The approach outlined in the preceding section can be used to determine preferred-frame and 
preferred-location effects predicted by any nonmetric theory of gravity. Such effects reflect the form 
of the theory's nongravitational Lagrangian density C ng once the external gravitational potential in 
which a local nongravitational test experiment is performed has been plugged in. Proceeding in this 
fashion, we would have to analyze and reanalyze any given experiment to determine its outcome as 
predicted by competing theories. 

It is, instead, more efficient to analyze local nongravitational test experiments once and for all 
within the context of more general theoretical frameworks that encompass broad classes of nonmetric 
gravitation theories and gravitational environments. Such frameworks are based on models of the 
nongravitational Lagrangian or corresponding matter field equations that depend on phenomenolog- 
ical gravitational potentials in ways that encompass the forms of these structures in many nonmetric 
theories and environments. The outcome of an experiment predicted within such a framework imme- 
diately yields the outcome predicted by any nonmetric theory it encompasses when the framework's 
phenomenological gravitational potentials are expressed in terms of the particular theory's poten- 



tials. The efficiency of this approach is somewhat like that provided by the PPN formalism [14| 
when dealing with the gravitational dynamics of metric theories. 

Analyses carried out in the general nonmetric frameworks discussed below have the additional 
benefit of identifying mechanisms that lead to preferred-frame or preferred-location effects in entire 
classes of nonmetric theories and of providing theory-independent parametrizations of such effects 
that are useful in discussing the results of experiments designed to search for them. 

2.1 The THefM— formalism 



The T.ffe/x-formalism (see [17, |14[] ) is based on the form of the Lagrangian governing the dynamics 
of point particles with mass rrii and charge q\ and of the electromagnetic field in a static, spherically 
symmetric background gravitational field described by the phenomenological gravitational potentials 
T, H, e and fx: 



(5) 



A striking feature of this framework and the nonmetric theories it encompasses is that the limiting 
speed of massive particles in the neighborhood of some point in the gravitational field can differ from 
the speed of light there. These coordinate speeds are given, respectively, by the values of sjT/H 
and l/y / e7i at the point of interest. Preferred-frame effects result when the ratio of these speeds 
is not unity. Variation of the relative values of T, H, e and /i with position in the gravitational 
field can also lead to preferred-location effects. Computations of the energies of atomic states 
using natural quantum mechanical extensions of the classical THefi Lagrangian reveal both kinds of 
effects and yield predictions for anomalous inertial and gravitational mass tensors (compare Eq.(H)) 



13, 18, p]]. A quantum field theoretic extension of the formalism reveals EEP violations discernable 



in measurements of the Lamb shift, the anomalous magnetic moment of the electron and related 



phenomena [21] 



This test theory has been widely used to interpret the results of experimental tests of the EEP. 
For example, its predictions of the energies of atomic states [^], |L8| and (T^[ have be used to 
interpret Hughes-Drever type experiments as well as the Vessot-Levine rocket redshift experiment 



20, 14] 



Originally conceived as a framework for analyzing the physics of charged particles and electro- 
magnetic fields in an external gravitational field, the Ti?e//-formalism has also been extended in a 
natural way to cover the other sectors of nongravitational physics comprising the Standard Model 



22 



2.2 The \g— formalism 



Like the T.ffe/Li-formalism the xg-formalism introduced by W.-T. Ni [23] originally provided a 



framework for the analysis of electrodynamic physics in a background gravitational field and has sub- 
sequently been extended to cover other sectors of the Standard Model. Unlike the Ti/e^-formalism 
the ^"formalism is not restricted to static, spherically symmetric gravitational environments. The 
X of its name refers to a tensor field appearing in the electromagnetic part of the nongravitational 
Lagrangian density upon which the formalism is based, 



^rx aPlS F aP F l5 . (6) 



The independent components of this tensor comprise twenty-one phenomenological gravitational 
potentials capable of representing gravitational fields in a very broad class of nonmetric gravitation 
theories. 

The coupling of one particular phenomenological potential to the electromagnetic field is in- 
teresting because it can be expressed as a purely derivative coupling to a pseudoscalar field ip. A 
particle physicist would describe it as an axion coupling. A relativist would describe it as a coupling 



to axial torsion [24]. The Hojmann-Rosenbaum-Ryan-Shepley theory |25| is but one example of 
a theory encompassed by Ni's x9~^ orma ^ sm - It features a novel torsion coupling that has been 
shown to predict effects inconsistent with the results of experimental tests of the weak equivalence 
principle. 



2.3 The Kostelecky Formalism 

String theory has the potential to provide a quantum theory of gravity that is unified with other 
fundamental theories of matter and interactions. Recently Colladay and Kostelecky have introduced 
a framework for treating the possibility of spontaneous breakdown of Lorentz symmetry in the 



context of string theory [31, |3^ ]. While somewhat different from the sources of preferred-frame 
effects considered to this point, these string induced effects are considered here because they lead 
to modifications of the Dirac and Maxwell equations like those considered in the next subsection. 



2.4 Formalisms based on matter— field equations of motion 

The effects an external gravitational field on the dynamics of matter fields can be dealt with at the 
level of equations of motion rather than Lagrangians. A formalism based on forms of the equations 
of motion has the advantage of directly addressing the following natural requirements one would 
demand of the dynamics of any quantum field (i) deterministic evolution, (ii) the superposition 
principle, (iii) a finite propagation speed (whose maximum value, since it need not be isotropic, we 
call cd) and (iv) the conservation of probability. 

The equations governing the motion of a Dirac field which satisfy these requirements are a 
first-order hyperbolic system of the form 

o = iyd^ + Mcp , (7) 

or, in 3 + 1-form (/} = 1, 2, 3) 

id^ip = CDOL^cdj^ip + c^f + mc 2 D (3(p (8) 

which we call a generalized Dirac equation (5^ = (7) 7^)- The matrices 7^ are not assumed to 
define a Clifford algebra, instead they satisfy 7^7^ + 7^7^ = 2g fJjU + X^ u where g^ v = ^(7^7^) 
and X^ v is a matrix. In general, M is also a matrix. A distinctive feature of this generalized Dirac 
equation is that it predicts a splitting of the null cones and mass shells. (For another modification 
of the Dirac equation see ]^6[ in this volume.) 



Taking the non-relativistic limit and specifying a general position-dependence of the matrices 
7^ and M, one derives the generalized Pauli equation pTj] 
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mU(x) + C ■ amU(x) + 5m gij U lj (x) + c D T ■ a + mc 2 D B ■ a 



(9) 



where the anomalous coefficients Srn? , Sm 1 ^, Aj, a*-, C, 5m\ J , B stem from those parts of the 7- 
matrices which prevent them from defining a Clifford algebra and from anomalous terms in the mass 



matrix M, for example. 
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+ 



i(l + (5)a^ % a^ where f3 is the usual Dirac 7 and a % are 



m ' m ~ 2 ' 

the usual Pauli matrices. The generalized Pauli equation predicts preferred-frame and preferred- 
location effects. Terms like those representing couplings between spin and the Newtonian gravita- 
tional potential were first introduced in references 

Haugan's 



H and gg|. 

The Pauli equation (pi) is a generalization of Schroedinger equation provided by M 



approach [13] to the dynamics of scalar matter. As in the case of preceding formalisms, this Pauli 
equation provides a basis for broad range of experimental tests of the EEP, including experiments 
exploiting matter-wave interferometry. The classical limit of the generalized Pauli equation describes 
the free fall of classical spin-polarized bodies, 



a 1 = 5 ij djU + 
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1 - + 2 

m 



Smli 



in 



'- + s ij c k s k 



m 



(10) 



Notice that not all of the anomalous parameters appearing in the quantum equation (||) survive 
in the classical freefall acceleration. Only by considering the evolution of the spin as well can one 
design experiments in the classical limit that are sensitive to all possible anomalies. 

Once a generalized Dirac equation (||) is available we can address the dynamics of the elec- 
tromagnetic field in an analogous way. The electromagnetic field can be defined operationally by 
considering the phase shifts in charged particle interferometry. Assuming that the dynamics of elec- 
tromagnetic fields satisfies the same requirements as we demanded for the dynamics of the Dirac 
field, this leads to generalized Maxwell equations of the form, 



471-y 



(11) 



In the case of small deviations from minimal coupling to the Riemannian space-time metric g^, we 
have \^ vpa = 6^gT ]u + SX pupa with small values of 5X pupa and X ppa . Clearly, 5X puptJ can induce 
anistropic propagation of light and birefringence. The X^ pa can also modify propagation, in some 
cases leading to a damping of electromagnetic waves. 

The generalized Dirac equation (||) and Maxwell equations (11) can be used just as the corre- 
sponding equations that emerge from the Ti/e/i-formalism or the ^"formalism, respectively, to 
analyze to properties of atoms in background gravitational fields. They do, however, encompass a 
wider range of nonmetric couplings that influence spin and polarization. Consequently, they provide 
the broadest possible basis for the interpretation of experimental tests of the EEP. 



3 Motivations for continued testing of the EEP 

Although all tests of the EEP, including some of remarkable precision, have so far failed to detect any 
hint of a violation, recent theoretical developments continue to suggest the EEP must be violated 
at some level. All approaches to quantizing gravity and to unifying it with the other fundamental 
interactions currently under study are capable of predicting such violations. 



quantum gravity and unifying theories 



canonical 
quantisation 



string 
theory 



super- 
gravity 



Kaluza-Klein 
theory 



further 
theories 




Violation 
of < 
EEP 



gravit. labor, 
experiments 



black 
holes 



cosm./astr. 
observations 



electrodyn. 
experiments 



Violation 
> of 
EEP 



quantum 
experiments 



Figure 1: Sources of violations of the EEP and classes of experiments or observations that are 
sensitive to them. 



3.1 String theory 

Today, string theory is among the most promising candidate for a theory of quantum gravity fully 
unified with other fundamental interactions, and it has been shown to predict a variety of EEP 
violations. 

For example, departures from universal free fall accelerations have been computed in references 



J33], [34[]. The composition-dependent component of test-body acceleration is estimated to be as 
large as a part in 10 15 of the mean gravitational acceleration. The proposed STEP experiment 
could easily detect such an anomaly (see Q). 

String theory can also predict a time-varying fine structure constant because of couplings to 
scalar (dilatonic) fields, for example, see p5[ . 

In the latest versions of string theory, physical particles and fields are confined to the neighbor- 
hoods of D-branes and their propagation may be affected by recoil of the branes caused by that 



propagation |36|]. The effect of this recoil can be accounted for via an energy-dependent effective 



metric. This leads to modifications of the Maxwell equations, 

V-E + u-d t E = V-S = (12) 
V xB-(l-u 2 )d t E + uxd t B + (u-V)E = V x E = -d t B , (13) 

which predict dispersive light propagation. Analogous modifications of the Dirac equation account 
for the effect of brane recoil on the propagation of neutrinos and other fermions |[7]] , 

j a d a ip -mV> + 7°(^- V)V> = 0. (14) 



3.2 Loop quantum gravity 

In the nonperturbative approach to quantum gravity based on observables analogous to Wilson loops, 
the semi-classical gravitational field is described via expectation values in so-called "weave" states. 
Gambini and Pullin || discuss the propagation of light through a gravitational field represented by 
a parity-violating weave state and find a polarization dependence of light propagation inconsistent 



with the EEP. The weave state is characterized by the length scale L, and gives rise to effective 
Maxwell equations |]] of the form 



8 t E = -V x B + 2 X £pV 2 B (15) 
d t B = V x E- 2 x l?V 2 E . (16) 



A corresponding effective Dirac equation [38] has the form 



(ry a d a -m + j ab d a d b ^ = (17) 

with 7 a = -f + Kl %G$ + k 2 [^ 2 G a 2 + fh = m + Ai^M 1 + A 2 ^) 2 M 2 + ..., and j ab = 

fii^Gf + fi2 (77) + • • • ) where 7 a are the usual Dirac 7-matrices, m is the usual mass of the 

Dirac particle, Gf, Mi, and Gf b are arbitrary matrices, £p is the Planck length and the coefficients 
Ki, Xi and m are of the order unity (z = 1,2,...). 

Since these field equations feature second-order spatial derivatives they are no longer hyper- 
bolic and clearly single out a preferred frame. In addition, note that equation (|i~6| ) modifies the 
homogeneous Maxwell equations, disrupting the relationship between field and 4-vector potential! 

3.3 Gauge theories of gravity and other possibilities 



Gauge theories of gravity like the Poincare gauge theory |39| that leads to a Riemann-Cartan 
geometry, or the gauge theory of a linear group that leads to a metric-affine theory |4(| , gives rise to 
additional gravitational fields like torsion and, in the latter case, to nonmetricity. If these additional 
fields couple directly to matter, they can break local Lorentz invariance by singling out a preferred 
frame as well as breaking local position invariance. 

In supergravity theories, which gauge the super-Poincare group, torsion 
emerges as a bilinear combination of fundamental spin-|-field, see reference [^TJ, for example. 

Though invented long ago, Kaluza-Klein theories low-energy limits of string theory, 

with all that that entails regarding the validity of the EEP, see reference E^], for example. 

Finally, we note that nonsymmetric theories of gravity, like those devised by John Moffat, have 
been shown to predict departures from universal free fall and violations of local Lorentz invariance 



in the electromagnetic sector E3] and [44|. 



4 Experimental and observational tests of the EEP 

In principle, the outcomes of almost any experiment of observation conducted in different gravita- 
tional environments could yield evidence of the breakdown of the EEP. There are, however, certain 
classes of experiments and observations that are sensitive to characteristic violations of the EEP 
revealed by analyses within the theoretical frameworks discussed in section 2. 

4.1 Tests of the Universality of Freefall 
4.1.1 Tests with bulk matter 

Experiments that search for composition-dependence of the freefall acceleration of macroscopic 
samples of matter are direct tests of the weak equivalence prinicple, one consequence of the EEP. 
It can be tested in traditional Eotvos fashion using torsion balance technology as in reference |5j or 
by monitoring the relative motion of freely falling bodies as in the Bremen drop tower experiment 
[ 45 1 and in the proposed MICROSCOPE [46] and STEP ||] space-based experiments. To date, the 



highest precision, of order 10 12 , has been achieved by torsion balance experiments, but the STEP 
experiment is designed to reach a precision of 1CP 18 . 



Equation (|To| ) shows that macroscopic samples of spin-polarized matter may experience different 
gravitational accelerations than unpolarized matter. Torsion balance experiments looking for such 
differential accelerations have been conducted by by Ritter, Gillies and coworkers 47, 48]. They 
find no evidence of new spin-dependent forces. 



4.1.2 Tests with quantum particles 

As we saw in section 2, nonmetric theories of gravity can predict that quanta of different kinds 
fall with different accelerations in a gravitational field. Historically, there has been a great deal 
of interest in direct searches for such effects, especially in comparing the free fall acceleration of 
particles and antiparticles. 

The first test of this type was performed by Witteborn and Fairbank p9| who tried to measure 
the gravitational acceleration of charged particles. A little later, Koester |50|| showed that neutrons 
fall with the same way as classical bulk matter to an accuracy of a few percent. This result has 
been verified by means of neutron inter ferometry |51j| . 

The potential for future matter interferometry tests of the EEP seems bright. Atomic interfer- 
ometers have recently determined the gravitational acceleration toward the Earth to a part in 10 9 
and yield results consistent with the measured acceleration of bulk matter. Refinements of these de- 
vices are expected to produce still more precise results and can be used to search for spin-dependent 
accelerations like those in (|i"c|). 



4.2 Spectroscopic and atomic clock tests of the EEP 

As noted in preceding sections atoms are composites of the mass-energy of nucleons and electrons 
as well as of their electromagnetic and weak- and strong-interaction binding energies. Nonmetric 
theories whose matter-gravity couplings distinguish between these various contributions can cause 
not only gravitational accelerations that differ from atom to atom but also shifts in the energy 
spacings of atomic states that depend on an atom's velocity through or location in its gravitational 
environment. Spectroscopic and atomic clock experiments can search directly for these kinds of 
preferred-frame and preferred-location effects. 



In Hughes-Drever-like experiments, for example, see Ref. [52], one searches for relative shifts 
between the frequencies of ground-state hyperfine transitions depending on atomic orientation in 
the gravitational environment. The interpretation of this type of experiment in the context of the 



T//eyU-formalism is discussed in reference [14|. The interpretation in the context of the test theory 
of section 2.4 is discussed in reference [27]. 

Spectroscopic methods can also be used to search for the effects of spin-dependent and other 
EEP-violating effects predicted by equation (0), for example, see [^, p7| . These techniques have 
been used to verify the spin-rotation coupling |34|, ^] in a search for anomalous spin-couplings [|56| . 

Atomic clock technology is a particular, refined application of spectroscopic technique. Experi- 
ments that monitor the relative rates of different types of atomic clock for dependence on the clocks' 
velocity through or location in a gravitational field provide another kind of spectroscopic test of the 
EEP. In essence, such tests are either tests of relativistic Doppler shifts that are sensitive to the 
parameters aij in (^) or tests of gravitational redshifts that are sensitive to the parameters . The 
difficulty of moving clocks through large changes in gravitational potential or at speeds approaching 



that of light limits the precision of such experiments. However, the Gravity Probe A experiment [57] 
succeeded in imposing the constraint \(3{j\ < 10 -4 . A recent experiment employing trapped Lithium 



atoms moving at 6.4% of the speed of light 58] was able to impose the constraint \aij\ < 10 6 . 



Atomic clock technology has also been used to constrain EEP-violating time-dependence of the 



fine-structure constant |59 ]. 



4.3 EEP tests involving observations of wave propagation 



Observations of the propagation of electromagnetic waves or other fields through a gravitational 
field are, in sense, a kind of experiment examing the effects of freefall. We discuss them separately, 
however, because of the distinctive way in which local effects that we think of as directly signalling 
violations of the EEP are allowed to build up as waves propagate over long distances. 

Departures of the form of the Maxwell equations from their usual metric form induced by non- 
metric couplings to gravity can lead to dispersive wave propagation or birefringence. Analogous 
departures of the Dirac equation from its usual metric form can also lead to dispersive propagation 
and make measurements of the arrival times of photons and neutrinos emitted from the same astro- 
physical event a test of EEP. The existence of very short duration events like supernova explosions 
and gamma ray bursts in combinations with the build up of gravitational delays over very great 
distances makes sharp tests possible. 

Recently, limits on gravity-induced dispersion of electromagnetic wave propagation have been 
inferred from observations of quasars and gamma ray bursters ||60|]. They constrain 



Oy(u)) — c 7 (wo) c 7 — c 7 



c 7 (w ) c| 



(18) 



where c 7 (u;o) is the velocity of the photon for a given frequency u> or polarization db. Exploiting rapid 
time variation of gamma ray bursters, Schaefer |6(| is able to to impose sharp constraints on gravity- 
induced dispersion, |(c 7 (w)— c 7 (u;o))/c 7 (wo)| < 6x 10~ 21 for uj ~ 10 18 Hz and 10 19 Hz. See also 



[62 1 for implications of such data for quantum gravity models. Data constraining gravity-induced 



differences between the speed at which photons and neutrinos propagate are also imposed, 

±r~\ — ' ^ ^ 

is also available. 

Finally, observations that constrain differences between the speeds with which light with differ- 



constraint |(c+ - c 7 )/c+| < 10 28 



ent polarizations propagates through a gravitational field have been analyzed [61] leading to the 

"7 *"7 )/^7 
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